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Recent Developments in Multiplicity Counting Hardware at Los Alan-tos*

J. K. Halbig, S. C. 130unct, P. R. Collinsworth, W. J. Hansen, and M, S. Krick
Safeguards Assay Group, N-1

Los Alamos National Laboratory
Los Alamos, Ncw Mexico

Abstract

This paper descritxs a ~typ, 25&channcl ncuuon-multi-
plicity-countingchCuiL It is hing u9cd with a 4-MHzshifh
register-basednemroncoi~idcncccimuiLWc devc40pulW
circuiis.They mount in a double.wide nuclear instrument
module.

1. INrRODUCTION

Neutron coincidencecounting hasplayed an important role
in determining the mass of fisdle material in safeguardsand
nuck.ar industrysamples. The @nciple is shnpk; the massof
material is proportional to the spontaneous fission rate,
Duringthe fission process, multiple ncuuons arc emitted
within a ve~ short time frame, Ihat is, in coincidence, The
numberof neutrcmscmitlcd in coimidcmce*ims the mul-
tiplicity of the evenL ~ ChdkJ’IgC is to dCWmlItC the qxm-
tancousfissionrate from measuredneutron mulaplicity disrn-
butions.

Both spontancars fissionsmd induced fissionscontribute
10 Lhccoincidence rate of neutrons emlttcd from a sample.
Induced fissions am causal by neutrons fmm outside the
nucleus. Thuc neutrons could have bcsn neutronsgivcmoff
by a previous spontcncousor induced flsslorrm by (am) rea-
ctionsif the sample contains low-Z4cmenl impurities (for
example, oxygen or fluorine). Tlc induced-fission neutrons
arc Icrmcd multiplicadon neutrons, (T!ote: Multlpllcadon is
different from muklpllcity,) “fhrcevariables exist In the gem.
cration of coinddcncc neumons: sample mass, (a,n) intmw.
tions, and multiplication,

A classical limitation of coinckkncc counting assay has
been that only two indcpnndcmquantities arc mc#mrcd: toud
neutron countsand real coinckknccs. In general, corrcdons
must bc appllcd to mwurcd results to get accumtc assays,
Exceptkms are the assayof pum mcta.lsIn which there arc no
(a,n) Mcractiona or of pure oxides for which low-Z material
is WCIIchamterh.d. In both cams, wcll+stabllsld multlpll.
cathn con’cctionsCM be spphd, Accurnte COiTCCthtI an

also bc ride If the mlrccs arc WcuCharuteria Wldl regard to
lmpudtAcsIn the scmpk that give tisc to (a,n) rcwtiuns. In
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reality the charsctcridon of samplesmeasuredfor safeguards
is often not well known. By dctcmnining the disrnbunon of
coincickncc multipliciti~ of neutronscmkc.d from a sample,
one can cx~t thrc8 imkpcndcnt vanabk.s from a multiplicity
mcaWWmL[l]

The multiplicity distribtmiorrdacztcd by coincidcwc coun.
@s is oftcmduninatcd by accidentalcoincidences,which am a
function of ncuuon count rate and coincidence gate widrh.
Analytical mcdlodshav cbcaldcvelopc dtorcmovch tKCMl-
tal coincidcnc~ from the mcasumd distributions,[l J] A kcy
point is that the analysist3 remove the addcntal coincident
hasIJCCJIdcvelqx.d fm a qKci15camfigmdon of thehardware.

Our initial wcmkusing multiplicity to solve -my prob
km in nuclearsafeguardsnwk w of an 84annel muhiplic.
ity cl~tronics pnckcgc.[1,3] Later a 32-channelvcr?iimwas
dcvclopcdand used for multiplicitydetector designand assay
invcst@tions,[4] But this too had Insufficient multiplicity
C-MY to allow studyof tlw dcshW range of sourceswithout
dmatically reducingnormal rktcctor die-away timc9or cffickn.
tics thereby increasingsmtisticalcountingcrmxs. WA umc.
ccptsblc mlutiona drove the dcvclqnncnt of our currcm 256
channelmultiplicity clmtrorrks design,

In this paper wc describe how our multiplicity circuitq
opcnstcsm conjunction with existing coinckhc.c ckclronius
and repmt cmmidal circuit pcrfcwmamcMM

II, ~ Siwr-REmTERCOINCIDENCE comm

7?mOpmtionof ow shift-registercoincidcacecirctduy has
km dcscrlbcdIn rktsil,[5,6] Briefly, cMuAknw neutnna am
cmlttd from s smnple into a detector, The ncutrom lmrtcc
about in llte Iyedtyknc of the detcclor, Iom energy, and ue

!?”absodxd by Hc tulms,cadmium, or polycthybne in the &tcz.
tm. TIM charge from an interdon in the tube is changd by a

P’W.mpMkz into a digital pulse of ~Aimmely 35 to 50-ns
durwkm. Ncurronsin a detector haves chmrutdwic db.sw~y
the, whkh is the he s populmtlonof neutrons in a detmor
will have dmycd to e-l of the uigha! population, The*
ability of MUWCWIIsurviving In the dct&ux for a Icngth of
the oqua,l:3 n die-away tJmc4IJ e-n, l% a typlcxl dmctm

the dle.away the would bR qqmoxhately 40 IAS,The prob.
bllliy of ~ neutron mwivtng I ms Is 1,4 x !O-l 1, Tlw shift
mghter typically countsthe numk of neutronsM occur In a
64+ts window from h thes ncuuurr i~ Wcctcd, TM num.
bcr reprcmcnu neutrons that were sctually emlucd In



coincidencewiththereferenceneutron(arealcoincidence) as
well as other netdrons(accidental coincidences)that happened
to be in the deteztor at that time-perhaps from another fis-
sion, an (a,n) interaction in the source, or perhaps it was a
background event. The measured number includes real plus
accidentalcoincidences(R+ A). If one measuresthe number of
neutrons in a window between 1.000 ms and 1.064 ms, one
will measure a number statistically equal to the accidental
coincidences(A) in the first window. Hence by subtractingthe
A countsfrom the R+A countsone statisticallydetermines the
net real coincidences.

A block diagram of a circuit that makes this mmurernent
is shown in Fig. 1, Itisa diagramofthe SR-4 circuitry
developed by Los Alarnos, in par4 to test the feasibility of a
multiplicity measurement’scapability to increasethe accuracy
of fissile material assays.

Signals from a detector preamplifier/discriminator are syn-
chronized to the synchronous system clock just after input.
The synchronizer is like a storage hopper where signals are
received asynchronously. The signals are let out of the hop-
per, at a rate of one signal per compartment, on a conveyor

beltwith discrete com~wrt.mentsalong its length. Signals
coming in faster than the conveyor rate are temporarily stored
in the how and released at the synchronousrate. Ifthesig-
nalsenterslowerthantheconveyor rate, they immediately fall
ontotheconveyor. The conveyor is shown by the double
lines connecting the gate shift register (GSR), the predelay
shift register (PDSR), and the long-delay shift register
(LDSR), The shift registerscan be thought of as long tunnels
throughwhich the conveyor travels. Once the conveyorenters
the tunnel, information on the part of the conveyor inside the
tunnel is hidden from the outside world, me tunnels are of
different (andprogrammable)lengths.

In our example, signalsthat enter the GSR causea counter
to be incremented thosethat exit causethe samecounterto be
decrementcd. Hence theu@hvn counterknows the numberof
signals inside the tunnel at any specific moment in time.
Immediately after the signal exits the GSR tunnel it entersthe
PDSR tunnel. When the signal exits this tunnel, it causesthe
contents of the GSR to be counted as the number of
coincidences (R+A) with that signal. The signal then
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immediatelyenterstheLDSR tunnel. When the signal exits
this tunnel, it causesthe contentsof the GSR to be countedas
the number of accidental co’ ncidences. The signal is then no
longerof interestand is forgotten.

In physical terms, the GSR is the time window in which

neutrons exist that are consideredto be in coincidencewith the
neutron exiting the PDSR. Aftera neutron has exited the
LDSR, any neutronsthat were emitted in coincidencewith the
exiting neutron will have died away, and hence the number of
neutrons in the GSR is a s~uuisticalmeasure of the number of
“accidental” coincidences included in the number of coinci-
dencesrecordedafter the neutronexitcxlthe PPSR. The statis-
tical net number of “real” coincidences is the difference
between the R+A sum and the A sum.

The total numbcxof coincidencesfor a data acquisition are
summtd in a two-step process. The contents of the GSR am
summed in a 12-bit adder. The overflows of this adder are
counted in a 32-bit adder. This results in a 44-bit real-time
scalerfor eachof tie R+A and A channels.

The multiplicity of an event is measuredby the number of
neutrons in the GSR when a neutron exits the PDSR (R+A
multiplicity) or the LDSR (A multiplicity).

The totals sum is the sum of all neutronsthat passthrough
the conveyor. The totals counter is incrcmtme.d each time a
neutron exits the LDSR,

Note: ‘Ile PDSR is requiredbecauseeffective systemdead-
timt prevents additional signals witiin a short period of a
sensed signal from being detected. T@e signals arc effec-
tively removed from the R+A counter. Because no similar
process occurs for the A counter, a PDSR is inserted that
affects both A and R+A and is set for a delay that is longer
thaneffective systcmdeadtime.

1]1, MULTIPLICITY PROCESSING

Our goal in this project was to provide hardware for inves-
tigating the feasibility and limitations of multiplicity counting
with standard counters and hardware, Our goal WM to have
real-time processingof multiplicity from the SR4 shift regis-
ter implemented simply, in minimal size, and relatively low
power. (Real-time proccasingmeans that we can, on the aver.
age, processmultiplicity as fast as the shift-registercircuit can
operate,) The circuit was In fit in a nuclear instrumentation
module (NIM) that housesthe SR+. A multiplicity capacity
of 256 chbrrnclswas needed for the assayof slgnificam quanti-
ti J.qof nuclearmaterials.

The engineering problem was to mke the multiplicity
information -the contentsof the GSR-and record the multi.
plicity distribution information at an average rate of 2,3 x 106
events/s, This number was infmed from empirically deter.
mined performanceof a shift rcgiswr cqxratingat 2 M Hz.[7]

our approach is explained with the aid of Figs. 1 and 2,
The multiplicity port shown in Fig. 1 consists of the 12-bit
output of Ihc CISR.cmNenLqup/down counter, the R+A and A

strobesfor the PDSR and the LDSR, the four-phaseclock sig-
nals, and a cormt-i-aive control signal.

Our multiplicity counter is really two sets of counters
(Fig, 2): one set for R+A events and the other for A events.
The counter setsare identical and each set htistwo stages. The
first stage is a 256-channel counter with each channel being
8 bits deep. Overflows from any of these channels cause the
channel number to be savedand a flag to be set. The tlag indi-
catesthe microprocewx needsto read the overflowing channel
number and increment a software counter associatedwith the
hardware counter that has overflowed. The 8-bit hardware
counter reduces the increment duty cycle required for the
microprocessor, that is, the microprocessor needs to respond
(on the average) to only every 256th event frum the SR4.
The microprocessor provides a means of reducing hardware
m.quirv-dfor the multiplicity counterand providesfor readoutof
the multiplicity ckta.

The fcllowing de#iption of circuit operation is for the
R+A set of counters, The A set operates identically. The
clock of the SR4 operates at 4 MHz, The multiplicity
counter requires the SR+ clock cycle to be divided into 4
phases.(Theoriginal SR-4 requirvd only two phases.)

f.)uringeach4-MHz clock cycle of the SR4, the multiplic-
ity information and the statusof the R+A and A data suobes
are presentedto the multiplicity port of the SR-4. These &ta
are latched on one of the four phases of the SR-4 clock data
into the multiplicity board, Hence the multiplicity processing
of the information through the fwst 8-bit counter must be
completed in an SR4 clock cycle, 250 ns,

During an acquisition, the SR-4’S multiplicity output is
applied to the address lines of a RAM in the multiplicity cir-
cuitry. The contentsof the location addressedis outputon the
RAM’s data lines, The value output is incremented by one in
an adder circuit, and the sum is latched. only if there is an
active R+A data strobe from the SR4 is the sum wriuctr back
into the RAM, When the counter ovefflows, the addreasbeing
presentedto the RAM is latched into a FIFO, and a flag is set
to signal the microprocessor. At the end of the 250-ns period
thisprocessis repeated<

The microprocessorcontimously and asynchronouslypolls
the statusof the overflow flag, When an active flag is encoun-
tered,the microprocessorrcxuls~$eFfFO to determinethe over-
flowing channel and then increments the appropriate software
counter, The program can comfortably keep pace with the
interrupts. The worst case exisLq when both R and R+A
strobesare active on the sarnc SR-4 pulse. The iime for the
microproccwr to complete its cycle it 94 MS, which is leas
than 115 US(256 x 2.3 x 10-16), the avcr~gc time in which it
mustrespond.

When the SR4 signals the cnd of an acquisition, the hard-
ware granL$the microprocwor read acxessto the 8-bit coun-
ters. The microprocewor concatcnam the correspondingsoft-
ware and hardware countersand transfersthe resulting data tu
the computer controlling the SR-4 on request from (he
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Fig. 2. Block diagram of wudtiplicity-counter circuit.

computer, Dynamics of the SR-4 require that the up/down
counterbe 12 bits wide, The multiplicity rcqtdrcments-require
only 8 bits, Hence the high-order four bits arc logically ORcd
together. If this OR is tree, all of the eight multiplicity bits
arc set to 1. The result is a true O-254 multiplicity counter
and channel 255 countsall multiplicities of 255 and greater,

IV. ~SULTS

We have produced a double-wide NIM module version of
the hardware (Fig. 3). This implementation requires separate
serial interfaces for the SR-4 and multiplicity circuits, The
SR-4 board is mounted in Fig, 3, and the multiplicity board is
dismounted. For performanceevaluation, a program was writ=
tcn to control and receive data from the hardware, Two very
simple and powerful diagnostics can be applied to this cir-
cuitry, The SR-4 totals should equal the sum of the acciden-
tal multiplicity events, In addition, the R+A and A coinci-
dencescountedby the SR4 shouldequal sumsof the R+A and
A multiplicities multiplied by the multiplicity (channel)/
number.

The coincidence dam from an AmLi source is shown in
Table I(u). Table I(b) is the mulliplwity data measuredat the
sonic time, This data had no rnultiplicitics >65 or <5,
Table I(a) shows thu SR4 setup parameters and f’CSUIL% In
‘IMc l(b), the Icft-hmrd column is the multiplicity numhcr,

said
Lineto
Controi

Compter

Fig, 3, Pacbge jor shijl.regisler and multiplicity-counter
circuits.

The middle coiumn is the number of times that
multiplicity occurred in R+A coincidcnccs, The right.haild
column is the same number for the A coincidcnccs, The
numhcrs at the bottom of the two righl-hand coiumns
rcprcscruthe sumsof numbws in the column, Notice that the
sum of the A-column multiplicities quals the totals measured
by the SR-4. The sum of the R+A column does n?l aiways
equal the totals hccausc the timing intervai I’,ed for the
R+A’s, while equal in time to that of the A’s, is shifmd



i
TABLE I(a), Shifl-Regisler Output

Set Count Time (s) 1 000
Gate Width (MS) 60

Predelay (Ps) 1.5

Actual Count Time (s) 1 000
Totals 480 382 540

Reals+ Accidentals (R+A) 13 846 354 321

Accidentals (A) 13 846 092 846

Reals ([R+A] - [A]) 261 475

from W of the A’s by approximately 16 ms. The weighred

sums (producrs of rhe multiplicities and the contenrs of tie

column entries) are also fisted at the bottom of the columns.
Now rke vafues equal tie vafues in the R+A and A regisrers

of the SR4.

V. SUMMARY

We have found hat omsionafly tic sum of the A events

differs from fhe totals. We Lreliev: the cause K a problem in
synchronization of rhe “COUW signal that enables multi-
plicity counting. This h~thesis will be tesled.

The prototype multiplicity shift register is now being

teswd in Ihe Plutonium Facility al LOS Alamos. Our physi-

cims are satisfied with ifs opwation and multiplicity capacity.
From an engineering standpoint, fhe system is woiking as

&sired (with the exception noted above).
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rABLE I(b). Multiplicity-Counter Resuhs

MILIrJPkiIy R+A A

5 14 23
6 74 62
7 247 282
a 912 924
9 3158 3168

10 9769 9620
II 27124 27094
12 66314 66369
13 15S472 157803
14 340023 340446
15 682411 679763
16 1277458 1278202
17 2244013 2244843
18 3713383 3114077
19 5s13667 5811781
20 t619056 1617374
21 12135375 121395S7
22 162751S1 16273563
23 20010255 20t06530
24 254019S7 25410154
25 29713647 29709942
26 33289622 33294907
27 35s14993 35S21643
20 37051362 37065029
29 36926369 36931235
30 35453201 35451536
31 32842996 32S49678
32 29397415 29403235
33 25436845 25436991
34 21310234 21301206
35 17294146 17280965
36 13597370 13395113
37 10373323 10369253
30 7680676 7673479
39 3520573 5519024
40 3B62633 3S61741
4] 2629001 2621S24
42 1744117 1743175
43 1125831 1125461
44 704943 706362
45 431990 43276S
46 259247 25M14
47 150602 15L1293
48 86373 a5609
49 41052 48119
Jo 26016 25736
51 13712 13702
52 7220 7092
53 3518 3569
54 2011 IIJ73
35 901 903
56 465 404

57 169 200
50 71 74
59 33 17
60 6 3
6) I I
62 0 3
63 3 5
04 I o
63 0 I
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